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Ahatract 

A  numerical  method  baaed  on  the  axiaymmetric,  incotn- 
preaaible  Navier-Stokaa  equationa  ia  combined  with  a  lifting 
surface  code  to  predict  the  vortex  wake  cf  hovering  rotors. 
The  lifting  aurface  code,  AMI  Hover,  ia  used  to  obtain  the  cir¬ 
culation  diatributioo  on  the  Made.  This  circulation  distribu¬ 
tion  ia  fed  into  the  Navier-Stokaa  coda  to  compute  the  vortex 
wake  under  tins  specified  circulation  distribution.  An  itera¬ 
tion  approach  ia  need  between  those  two  codas  to  converge  tha 
circulation  distribution  and  the  shape  of  tha  vortex  wake.  A 
relaxation  scheme  ia  developed  to  reeolve  the  instability  en¬ 
countered  among  tha  tip  vortices.  A  reconcentration  scheme  ia 
used  to  solve  tha  diffusion  problem  doe  to  the  strong  artificial 
viscosity.  Tha  results  from  the  present  method  am  compared 
with  experimental  date  obtained  by  smoke-flow  vim  ablation 
and  hot-wire  measurements  tor  several  rotor  blade  coafigum- 
tions.  Tha  comparisons  show  that  the  prmsnt  method  is  able 
to  predict  the  complex  wake  system  shad  by  a  hovering  rotor. 

* 

Introduction  y 


Vortex-dominated  Sow  fluids  am  frequently  encountered  fat 
the  flight  operations  at  flxed-  at  rotary-wing  aircraft.  The  vor¬ 
tex  wake  abed  fay  a  hovering  rotor  ie  one  at  the  most  complex 
flow  Aside  in  aerodynamics  because  at  the  highly  a  on  linear  in¬ 
teraction  within  the  wake  system  and  with  tha  rotor.  Complete 
prediction  cf  the  low  Add  is  difficult,  lines  the  wake  system 
is  extremely  unstable  as  is  confirmed  by  experiment.  The  dif¬ 
ficulty  also  lies  in  the  uncertainties  encountered  ia  predicting 
the  flow  field,  such  an  the  appropriate  model  of  tha  far  wake 
ffindi  tin  disparate  kn|tk  kiIh  Mncteted  with  Ikt  giMnliot, 
interaction,  and  eventual  decay  of  the  vorticae. 

However,  hover  capability  is  one  of  the  most  important  de¬ 
sign  goals  far  helicopters  and  other  vertical  tabs  at  and  land¬ 
ing  (VTOL)  aircraft,  since  them  aircraft  am  designed  to  take 
off  and  land  vertically,  and  to  hovsr  far  a  relatively  long  time 
far  rescue  attempts  and  othsr  purposes.  Hover  performance 
prediction  is  afao  essential  became  of  the  payload  to  pom 
weight  ratio  of  such  aircraft  and  tee  requirement  to  hover  out 
at  ground  effect,  fa  predicting  the  performance  of  hsBooptsn, 
the  vortex  wahe  shed  by  tha  blades  is  a  crucial  element  became 
it  stays  does  to  the  rotor  plane  and  km  a  strong  inter  art  ion 


TMs  paper  it  deetamd  s  wort  of  «w  UA.  Osvsnumwt  md 
thsmdsis  h  fa  tea  pidtfli  dentate. 


with  the  blades,  fa  fact,  the  vortex  wake  is  an  important  ele¬ 
ment  in  all  helicopter  problems  including  performance,  struc¬ 
tural  loads,  vibration,  stability,  and  noise. 

Methods  which  smums  the  vortex  interactions  to  be  invie- 
dd  have  proven  very  useful.  The  flow  field  is  represented  as 
a  series  of  point  or  line  vortices,  then  traced  ia  a  Lagrangian 
frame.  Unfortunately,  a  substantial  amount  of  numerical  damp¬ 
ing  ia  raquimd  to  converge  the  solution  became  of  tee  singular 
behavior  of  tha  point  or  line  vortex;  this  numerical  damping 
might  disturb  the  force-free  conditions  of  the  flow  field.  Panel 
methode  have  hem  ouuserfnl  in  predicting  the  performance  of 
n  hovering  rotor,  but  their  role  ia  free- wake  prediction  ie  lem 

•itMfictory. 

The  preemt  method  represents  the  vortex  wahe  at  a  con- 
tianom  distribution  cf  vorticity.  A  Gaussian  distribution  of 
vorticity  is  assumed  across  the  vortex  wake.  The  vorticitMB 
am  traced  fa  an  Euieriaa  frame.  Tha  mnvnnmt  of  the  vortex 
wake  ie  governed  by  the  inrnmpmmible,  axieymmetric  Navisr- 
Stohas  equations.  It  was  found  that  uprmmling  tec  surtax 
wake  aa  n  continuous  diotribution  of  vorticity  is  mom  cuccsm- 
ftri  than  rsprmmtiog  H  so  p  tariaa  of  point  or  lias  vocticas-  Tha 
is  men  is  that  rsprsssntiug  a  vortex  shoot  os  a  layar  of  < 
om  dirtributiag  vorticity  slimiaotes  nagalari  tisa  in  the  < 


Although  them  ■  still  testability 
tip  vortveee,  tharv  ia  no  instability  ia  the  inboard 
flome  of  the  tip  vortex  imtahiMtiaa  obaervsif  in 


I  tip-vortex  imtebility  may  be  c 
charecteriatke  of  the  waho  eyrtwo,  end  not  sir  wearily  by  the 
A  mtaxatina  scheme  ia  used  in  the  iteration 
ilfae  the  tip  vorticae.  DMWn  or  artiffaial 
loMam  eneooatered  in  this  work,  which 
wn  aotvod  by  periodically  applying  a  i 


Tha  amnmpffam  and  gamming  eqoutiem  am  dmcrihad  ha- 
low.  fa  the  calculation  of  the  vertex  wahe  teed  by  a  flaad-sriag 
aircraft,  it  ia  often  cammed  tent  tha  rtimmwim  gradients  am 
small.  fa  the  cam  ef  a  voter  in  haver,  aa  analogous  — umptten 

the  etmomwim  development  of  tee  vortex  woke  cm  he  reduced 

The  low  h  assumed  to  he  vise  a  os  and  taeompeeraiMa.  V 
the  low  laid  is  observed  from  m  inertial  cylindrical  coordi¬ 
nate  eyelem  (  (r,«,r)  wbsre  r  and  I  define  tee  plane  ef  the 
rater  ro« sting  about  the  vertical  axie  i  ),  the  flow  laid  in- 

■  ohosrvod  from  a  noniaartial  eoerdinate  system  rotating  with 
the  rater  blade,  the  flow  fleld  appears  to  he  etendy  and  three 
dhmmiaaai.  The  imrtinl  eoerdinate  ayetem  ie  ranvwled  into 
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aaoaiaertialcoatflaa to  ayotam  by  ayyiyjaj  the  faUaadat  earn 
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The  color  blade  roUta  with  Mfilar  Q  about  tha  i-i 
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wkn  a,  a,  aad  w  an  wlodtiw  ia  the  r ,  I,  aad  a  fcitliaa, 
aad  y  ia  pi— at.  Tbie  aanaoytiea  ia  a  atraightdatwaad  am 

fadaea  Ik  eleady  then  dimeaalaaal  wrtaa  aih  wl  ay  eat- 

voleymoat  am  lima  of  Ik  tow  dhaaa tiaaal  (ia  the  cam  of 
tail  wiag)  or  axkya— itric  (ia  Ik  cam  of  a  am  ia  hevar) 
ha  laid  nannali  tha  aUiaamki  dovalenaeat  of  the  thaae» 
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diatbei 


The  aaaaaq 


A  Nftiac-a 
baaed  la 


I  edye.  The  iaitial  vorticity  diatributtoe 
dkr  aMaaa,  each  aa  from  experimental 
iay  aarfara  (aa  lifting-liae)  calculation 
lalioa  [J|  of  Ik  blade  load  dietributioa 
tha  iaitial  vorticity  diatribatiea  ia  tba 


Tam  eata  of  boa  ad  ary  valuaa  an  required  ia  tba  calcula¬ 
te.  Oaa  ia  tba  aal  of  boaadary  veluee  of  vorticity  for  tba 
aaapart  naatiaa.  Tba  otbar  ia  tba  act  of  bound- 
af  atraam  foactioa  for  tba  Poiaaoa  aquation  Tba 
id  by  a  blade  an  madalad  by  tba  Lamb  vortex  |S|. 


r*  -  <*t 


arban  rc  ia  tba  radii  ham  tba  eaatar  of  aacb  vortex,  r,  ia  tba 
aan  radii  which  (baa  tba  lecatiaa  of  tba  maaiaim  velocity 
of  the  vertex,  aad  a  ia  tba  Marantic  or  addy  viacoaity  Tha 
rhcaleliaa  atnayth  of  tba  vortex  ia  r,  wbicb  ia  dotonained 
by  tba  einalatiaa  dUfcnaee  of  tba  aaighboriay  poiata  oa  tba 


vortex,  tha  vorticity  dacagra  axpoaaatiaHy 


f-0(aa»(r*))  aa  4  -  (r*  +  a*)1'1  — .  oo 

henfcee,  vorticity  b  and  tba  boaadary  aad  ^ 
head  m  a  naaaaabla  aaaoantioa  m  laaa  m  tba  boaadary  ia 


i  aaa  bo 


inaaua 
br  away 


MtaMia«Whid 
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tha  tack  aad  f(l'1r',l)  ia  the  valae  of  tba  varlir  ily  at 


W-  Avery 
by  aaarwai 


of  tha  boaadary  ia  an  aakabla 
iaaapotioa  of  E*  (It)  i.  and 
of  the  atnam  foartina  for  aatab 


Oaa  k  the  Defbrt-Ftaabal  atatbad 
a#  dlrartiia  inaphrit  nathed.  AL 
0llw4  ib  csMsUs  fw  ikm  wvMhr 


|^l  M  CSMshte  fw  tiMI  IHvktHRy 

m  tha  aaiatiaa  of  tha  carnal  aad  tba  laat  tine  nape 
for  the  aaiatiaa  of  tha  aaet  time  atay  Nr  tba  pmanl 
i*  whiab  ia  a  pertedfo  problem,  aaiy  the  nfanaatiao  of 
aat  taw  laU  ia  baawa  at  aach  new  cycle;  the  iafor- 

patatiaa,  a  new  layer  of  vorticity  of  tba  aame  atnattb 
Itihatiaa  m  tha  iaitial  vorticity  ia  added  to  tha  eom- 
aai  daania  ta  nynaaat  tba  vortex  deal  dad  by  the 
Made.  Tbia  aaw  layer  of  vorticity  a  added  n  exactly 


ia  that  a  vortex  than  I 


i  dad  by  tba 


El 
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Mad*;  Oar*  Is  ao  information  os*  tim*  Mop  ahoad.  Tbsrefare, 
saoOsr  method  is  needed  to  calculate  Os  f cm  Ssld  at  O* 
bsgiaiag  of  sack  a*w  eyck.  Tha  alternating-direction- implicit 
method  is  Oossa  to  aeeomplkh  this  task,  bscaass  tkis  aaitkod 
require*  only  tk*  solution  of  tks  pnnat  tims  stsp  to  Bad  Os 
sofaotioa  of  tks  ant  tims  stsp. 


tsnaiasd  bp  tk*  aamsrical  stability  criurioa  impo**d  by 
O*  Dufort-Froakol  method. 

This  psoBsss  is  rspaatad  aatil  aaotksr  Mad*  passu  by.  Typi¬ 
cally  it  takas  aboat  SO  tims  stops  to  iategrote  O*  vortex  wak* 
boot  oat  Mads  passags  to  aaotkar  far  a  two-Mad*d  rotor. 


CompaUtiooal  Procedure* 


Boktotios  aad 


Tb*  compatatioaal  procadur**  of  O*  Navkr-Stokm  calcu¬ 
lation*  ar*  dmcribad  ia  this  asetioa.  Tb*  calculalio*  starts  by 
retimatiag  tk*  akap*  of  tk*  vortex  wak*.  This  ahap*  is  atsd  as 
tk*  iapat  to  tk*  liftiag  aarCte*  cods,  AMI  Hovar,  to  obtaia  tks 
circalatioa  diatributioa  oa  tk*  Mads.  Th*  circulation  dktriba- 
tioa  ia  tb*a  ***d  so  O*  iapat  to  tk*  Navisr-Stokas  cakniatioa. 
Th*  cakalatioa  is  tenaiaated  wh*a  O*  akap*  of  Os  vortex 
vaIm  mjif  thk  iptciAtd  fiffulrtion  dkiribytioa  cotwr|n. 
Th*  coavarfd  walw  shop*  is  agaia  assd  aa  tks  iapat  to  Oa 
AMI  Hovar  cod*.  Th*  output  or  tb*  circalatioa  diatributioa  ia 
than  u**d  aa  th*  input  to  tb*  N«ri*r  Stohsa  cakniatioa.  This 
proca**  i*  rspaatad  aatil  boO  tk*  Oap*  of  th*  vortex  wak*  aad 
tk*  circalatioa  diatributioa  oa  tk*  Mad*  coavorg*.  tfaauaeoa- 
tracted  vortex  wak*  is  aaaumsd  aa  tk*  initial  woks,  it  uauafiy 
IaImm  Mm  itmlion  to  coswrgM  Um  iwilti  ftft 
rotor*  aad  ai aa  itaratioaa  far  faar-Madad  rotas*.  V  a  batter 
iaitial  coaditioa,  sack  aa  Oa  wak*  dtocribod  by  Laadgrabob 
g*a«r*K**d  wak*  agnation*  (6j,  is  uasd,  it  r squirts  oaiy  thru* 

Aa  itaratioa  approach  is  uasd  Maids  Os  Navisr  Oaks*  cab 
culatioaa.  Tha  cakalatioa  starts  by  distrihatiag  lv*  to  tight 

Os  auparpaaitiaa  of  a  asrias  of  Lamb  vurtfaaa.  Ths  atraagtha 
of  tho  Lamb  vortiem  are  liliraiiaii  by  Os  rksags  in  load  die- 
tribatioa  (abtaiasd  from  Oa  AMI  Hovar  oods)  brtwim  grid 
point*  wiO  th*  ear*  rodiat  of  sack  vortex  pnsrriksd  to  ha 
a  Band  psrasatsgs  (ia  this  caaa,  S*  )  of  tha  Mads  radius  M. 
laitially,  tha  gsoaastry  of  Ota*  vortex  *b*ats  is  dtacribad  by 
lisadgribib  prsacribsd  woks  squatisas  ft,  bat  tho  shag*  of 
tha  waha  ia  dstarwaasd  by  th*  amtaal  ioteractiaa  of  tks  wabs 
•iaasaat  alter  th*  cakalatioa  bogteo.  A  ssasi  iaBalte  vortex 
cykadar  is  choata  as  tks  far  waha  aad  is  piasad  balaw  than 
ht*  is  bows  vortex  shsstewiO  its  radios  sqaal  to  Osiadias  of 
th*  tip  vurtoa  of  th*  iMt  hoo-vartas  shtet  aad  ite  aait  stetagO 
dstarwaasd  by  tha  atruagO  aad  dasosadiag  velocity  of  tha  loot 
fan-tip  vortex.  At  th*  than  cnrvsspsadiag  to  a  Mad*  paasags, 
th*  loot  fata  v  art  ax  abate  is  nmnvid  aad  a  saw  vartea  skate, 
ths  sawn  aa  th*  iaitial  vortex  abate  that  was  piasad  oa  Os  ro¬ 
tor  piaaa,  m  addad  to  th*  rater  plans,  bsapiag  th*  oambor  af 
th*  faos  vortex  shsata  eoaataat.  Th*  rsiaxteina  achaaas  (whisk 
will  bo  oaplaiaad  later)  is  aka  apphad  to  Oa  tip  vartioaa  at  this 
On*  to  prsvaat  ths  iaatsMIity  from  growing.  Tb*  vortex  wak* 
is  fateo  faoo  aad  asovao  by  its  oars  iattrsrtisa  ktewosa  Mads 


'  W **  *******  * 


I.  Boko  ths  PMama  oqaotiaa,  Bq.  (■),  to  i 


S.  Obtaia  tha  vokrity  Bold  boat  th*  stroawi  faartioa  Bald. 

4.  hnograte  ths  vartea  waht  oa*  step  farwosd  by  th*  vor- 
ticrty  transport  equation  (Bq.  (T))  Tho  tion  stop  it  do- 


Tha  vortex  wak*  of  a  bovoriag  rotor  is  extremely  unstable, 
a  small  portarbatioa  can  stimulate  tb*  instability,  m  is  also 
coaBrmsd  by  axporiaasat.  Th*  instability  of  small  porturba- 
tioaa  to  th*  vortex  wak*  of  a  bovoriag  rotor  waa  investigated 
by  Bliss  teal.  (7).  They  converted  tb*  stability  problem  into  sn 
sigsavalu*  problem  aad  solved  it  numerically.  They  found  Oat 
moot  of  Oa  oigoavalaas  wore  complex  and  many  bad  powtiv* 
real  parts,  which  indicates  numerous  unteabl*  mod**  There¬ 
for*  a  tim*  marching  approach  is  probaMy  sat  adequate  for 
Ok  probkas,  tine*  this  approach  atsumm  O*  system  i*  stabk 
aad  th*  partarbatioaa  will  b*  damped  out  during  th*  marching 
ptBssm.  But  ths  vortex  wak*  of  a  bovoriag  rotor  is  unteabl* 
Bine*  tha  tip  sorties*  are  th*  source  of  tk*  instability,  aa  itera¬ 
tion  approach  plus  a  relaxation  tch*m»  are  u**d  to  investigate 

la  tha  itaratioa  approach,  a  aaw  layer  of  vorticity  (or  a 
vortex  O*ot)  idswtical  to  tk*  oa*  initially  placed  oa  tk*  ro¬ 
tor  plan*  i*  added  to  tk*  rotor  plan*  at  th*  tim*  corwpoad- 
iag  to  a  blada  paasags.  Than  tk*  laat  layer  of  vorticity  (aa 
inboard  vartea  shoot  plus  a  tip  vortex)  k  removed,  Iwpiag 
ths  number  of  vorticity  lays**  eoaataat.  Th*  corroopaadiag 
iaitial  vorticity  dktributioa  k  gmwatid  by  summing  a  sari** 
af  individual  Laadk  vortiem  along  th*  nmupatalional  grid  rop- 
ramwtiag  tha  rotor  bind*  (1).  Bstwisn  Mad*  paaaag**,  th*  Bon 
BtM  kfaroofaoo,  La.,  tho  vortiem  areas  ocnordiag  to  tkoir  mo¬ 
th*  tip  vortiem  are  reiaa*d  by  tho  fadowiag  farmals 

rfw^  +  w(^r—  -4*)  (»T) 

sr-*r+**r---*-)  (»•> 


dMnn  rr^'ofiin^r^z 

reaant  the  eoasdureOm  at  th*  and  of  th*  prossnt  loop,  rfH  and 
4*  nyrisist  th*  csardiaalss  at  tk*  basoning  of  th*  prreiat 
loop,  and  w  k  tha  relaxation  factor.  A  relaxation  factor  of  01 
and  0.11  are  used  far  tho  calculations  of  two-  aad  faar-bladsd 


Th*  ids*  of  th*  relosstion  k 
in  tk*  ether  relaxation  arethsds, 


|o  tkoM  i4m 


suck  as  ths  ever  relaxation 


mstkod  far  solving  th*  aKptk  diBkowtial  squstinns.  First, 
a  uniqns  sohstkn  k  aasuared  to  suite,  tkm  th*  amrrkiag  k 
started  by  running  a  prepared  initial  solution,  aad  th*  Baal 

kvs  itwstiaa*.  k  ardor  to  apply  tk*  relaxation  schema  to  th* 
tip  vortiem,  sack  layer  of  vorticity  k  asparotad  into  two  parts, 
th*  tip  vortex  and  th*  inboard  vortex  shoot.  Th*  separation 
point  k  tb*  aaaxhaam  circulation  oa  th*  Mad*,  Mac*  it  k  ao- 
samad  that  th*  tip  vertex  raik  up  from  th*  Mad*  tip  to  tk* 
pooktan  of  maxhaam  circulation  Th*  tip  vortex  and  inboard 
vortm  abate  or*  stored  in  diflsront  array*.  Whsnsvsr  th*  relax¬ 


ation  ochonre  k  apphad,  th*  cant  raid  and  strength  of  each  tip 
vorteo  k  calc  aided  by  tbs  Wirepon*  ruk  |g|.  Th*  centroids  are 
mod  ao  th*  leeslisns  af  tip  vortiem  in  tk*  relowrtiire  *ch*m*. 

Another  problem  wreountorod  bafore  re  inoiogfal  rmuho  or* 
oktehred  k  th*  diffukn*  (or  artiBeial  vwcokty)  proMren  Thk 
psokkm  »rigi*otre  from  th*  Urge  grid  tim  assd  is  th*  mask 
system.  Ths  thtekaasa  of  tk*  vortex  skate  jute  shod  by  tk* 


Thfai 


bddfatra* Mama  mi 


Tb  woid  tk*  t  wcowtnUot  nlw  i*  —4. 

TM*  rafccara  i*  ppplfad  at  lh»  tha*  «f  Mad*  prarap*  Bad  tip 
wtai  is  imomnMW  ra  a  Land  ractaa.  lb  taraapd  it  Ik* 
mm  «  Um  ariptaal  lip  ratal,  aad  Ik*  nte  of  Ik*  era* 
ia  Miwd  la  k*  tab  Ik*  (fid  tan  (IK  ef  Ik*  Mod*  ndk* 
talk*  pcwrat  CM*).  Irak  tahoard  rartra  brat  i»  driidad  fata 


(l#) 


*f  Ik*  mIMmI  rate  city,  «p*cbljr  *f  Ik*  tip  rataa  ¥ta, 
rattiadrad  rai.ritybra  Iraprataal  ■*rk**i—  Ira  lfc»  draraa I 
af  tip  rarticra  A  rarakn  tana 


i*  added  U  rack  lip  rartra  at  rack  lira*  *tap  la  rnclra  tki* 
kkk*i|.  A  rakM  of  OiH  i*  rat  hr  Ik*  and. 


dUhraat  era*  k«  kwa  earaphtad,  aad  Ik*  iraalta  *ff**  tad 
wid  capartawwUi  data.  Tk*  Ini  era*  Madrid  i*  a  Ha*jr  1/7- 
crata I—  M*d*d  wta |t|  with  *a  raprat  ratio of  1ST  Ai» 
— taartad  rartra  oak*  i*  — — d  **  Ik*  kdital  d*p»  *f  Ik* 
wta  task*.  Tk*  rarticity  caalaw  pita  *f  Ik*  taittal  eaadMaa 
*f  Ik*  N tartar  Hafcra caicoUliara  m doom  ia  Pipon  1.  Ara 
pMld  nrthod,  wkiek  mm  •  coacaalratad  rata  la  r*pr***at 
•a  takaard  rata  rk**l,  i*  ***d  hr  Ik*  hot  bar  HtrmHcm. 
Tk*  patattaa  *T  Iki*  OMMlntad  rartra  talk*  e*atr*id  of  tk* 
takirrd  rartaa  drat,  — d  it*  rttrapd  i*  90ft  *f  tk*  nralraan 
rireataltaa  *a  Ik*  Mad*.  Tk*  hplhd  ratakad  a  ckrara  ho- 
»*—  A  m*lw*  ra>  mo*  8—patar  lirar,  *ha,  ita  r  Malta  pira 


*  ktatar  killil  cnaditio*  far  tk*  rnrwpk*  Navtar-Stolw*  caicu- 
fatiora,  Tk*  m*  ef  Ik*  —eoHactad  *orU*  w*k*  m  tk*  taittal 
naadkiaa  a  of  andaraie  iatawta  bat  cratataly  i*  oat  prratica- 


FifMM  t  *ad  t  dorr  Ik*  coorarptap  proem  of  tk*  ctr- 
raltaiaa  ddribatioa  cm  Ik*  bfad*.  Pipon*  4  *ad  i  daw  Ik* 
eoawtpfap  proem  afth*  dap*  afthararto*  wak*.  Ptomthm 
•prara  «*  eaa  ra  tkol  wkaa  *a  uocoatroctad  rarta*  wak*  k 
fata  araaand,  tk*  paak  dwahika  ia  roUtiraiy  lot,  aiae*  tk* 
tip  **rta*  aaacata  la  tk*  Mad*  ka*  a  «*ak*r  iataraetioa  wilk 
tk*  Mad*.  Tkia  raoah*  ia  a  rata  wak*  wkiek  rtap*  cfarar  lo 
tka  rotor  piaaa. 

Tk*  paak  takra  of  Ik*  circaiatioa  oa  Ik*  Mad*  mm  lo  k* 
tk*  dmiaaat  *hra*tal  ia  drt*nniaiap  tk*  dap*  of  tk*  wak*. 
Tk*  tip  aorta*  antral  to  tk*  rotor  piaa*  ka*  a  ckctaia*  rnflu- 
•m*  oa  tk*  tkrata  eodhtaa*  of  tk*  rotor,  la  |*a*r*i,  if  tk* 
tip  aorta*  B*anta  to  tk*  rotor  piaa*  stay*  clo—r  to  tk*  rotor 
pha*,  it  doaraprada*  tk*  tkrata  eo«Sci*at,  tkroogk  iadoctap 
dowwward  rile  ritii*  to  tk*  iaboard  Mad*.  Tkn*  dowaward 


rataettira  tadara  tk*  aapha  of  attack  ia  tk*  iaboard  portioa 
of  tka  Mad*  aad  tkraofa**  daprad*  tk*  tkrata  cidciM.  Al> 
tkoapk  Ik*  fata  tip  aorta*  doM  iodoo*  opward  velocity  to  tk* 
partkra  of  Ik*  Mad*  *atk*rad  of  it,  tki*  oatkoard  portioa  m 
■wmI,  akoot  10ft  of  tk*  Mad*  radkM  (far  a  Woodard  Mad*), 

tk*  Mad*.  Tk*  tip  aartioM  baaadtataiy  Maw  tk*  fata  oa* 
al  kora  a  rtraap  taadaqr  to  pad  it  apward,  woe*  th*y  at* 
iaeotad  fartkra  iaboard  kora  tk*  fata  tip  aorta*.  Tk*  far  wak* 
padra  tk*  fata  tip  aartra  dowa,  bat  Ihfatafcct  i*  ray  faaitad, 
akoat  tka  ardra  of  apwrad  iodratiaa  kora  tka  aaeoad  or  tk* 

that  padM  tk*  fata  tip  *o*tao  dowa  ia  ita  **lf  iodand  raioe- 
Bp,  wkid  ia  paopotahaal  to  tka  taraaptk  of  cirralatiBO.  aad  ia 
torn  k  dtaanaiaad  hp  do  poak  rirrolatira  oa  tka  Mad*. 

laMaa  naalta  ia  a  daaaw  aorta*  wak*  (rad*  ratal  dtafar* 
kotwoaa  aartra  drata).  Cara*  2  af  Pipra*  2  daw*  tk*  tabet* 

dara  tka  tip  rartaa  iaaaadtataijr  Moor  tk*  rotor  piaa*  taap* 
aray  afara  la  tk*  ptaa*  aad  tadoora  atroap  opwrad  ataacitira 
to  tk*  ootkaard  portioa  of  Ik*  Mad*.  Bat  tk*  tkrata  eo*f- 
lairat  art  o*  By  i*  law.  Bad  tk*  dap*  of  tk*  aorta*  wak* 


aad  tka  drcaiattao  oa  tk*  Mad*  oaaarap*  *ait*  won  Tki*  era 
k*  ran  kora  tk*  lata  two  car***  *f  Pipra*  2  aad  Pipar*  2, 
wkiek  an  ahaata  idaatieai.  Tk*  aaawrieal  tkrata  codktaat  i* 
0.0092  *Map***d  arid  do  ■■pirira ratal  aala*  of  0.0027.  Pip- 
ara  P  *k*w*  d*  rarapariraa  of  tk*  aaawrieal  iraalta  wid  tk* 
•apariaMBtai  data.  Tk*  *pi«wa*M  i*  fairly  pood  mo*id*riop 
tk*  oarartatada  aad  difacahira  iaaolaod  aoawrically  aad  •*- 


Th*  raraad  com  taodtad  i*  a  UTRC'*  (Uaitad  IWknoio- 
pin  Braaord  Orator)  iiaoorly  twitaod  two-Madod  rotor,  wkiek 
ww  and  by  Laadprok*  ia  kw  korariap-rotor  oaporiawal  |9| 
Tka  twita  rata  i*  -•*  aad  tk*  aapact  ratio  i*  IS  2  Apata  tk* 
circaiatira  oa  tk*  Mad*  *ad  tk*  dap*  of  tk*  rortai  wak*  coo- 
rarp*  pad*  aad  (Piparra  •  tkroaph  12).  Tk*  aaawrieal  tknwt 
coadctaat  i*  0.0091  aad  tk*  tart  ralw  a  0  0029  Tk*  lata 
era*  taodtad  a  ra  ONERA’*  (OPk*  Natioaal  d'ttixta*  *t  d* 
Backrackra  Aranapalialra)  liaaariy  twitaod  faor-Mad*d  rotor 
(11).  Tk*  twita  rota  i*  -1.2*  aad  tk*  aapact  ratio  w  IS  Tk* 
rairaaiioa  factor  and  ia  the  r*ia*atioa  crbrww  ia  tkw  com  w 
0.2S,  riara  tk*  raiotio*  dirarpe*  wid  •  0.S  rriraatw  factor 
Tk*  dirirprari  probably  ocean  bacoon  tk*  cpratap  brtwn* 
tk*  tip  rartic—  i*  raraBra  aad  tkcrrfon  i*  ken  taakh  aad  non 
caawtira  la  ditaorkoaew.  The  aomcrical  throat  toaikwat  w 
0.007S  aad  tk*  tata  rain  ia  00071  (Piporn  14  tkroopb  19) 


up  be¬ 


ta  Figure*  16  aad  17,  tba  tip  vortex  tr^KtorM  i 
yo ad  Dm  rotor  piaaa  bocaoao  of  Um  spline  Itting . 


to  Um  numeric  al  resulta,  Um  tip  torta  stay*  vary  dooo  to  Um 
rotor  pi  mm  brtdHrt  time  (after  it  ir  generated  bjr  tk  paaaiag 
biodr)  rod  tboa  atortr  moving  doom;  it  dorr  rot  boot  beyoaH 
Um  rotor  pi  mm. 


A  numerical  mrtbod  board  oo  tbr  Norirr  Stohao  ralrxla- 
tioor  wrr  developed  to  predict  tbr  vortex  wafer  of  hovering 
rotora.  Tbr  cakalaliooe  of  tbrar  diSarewt  borariif  rotor*  war* 
completed  Whoa  rrrohr  rrr  rnniprrrd  witfe  borrr  tart  data, 
tbr  agrsemsat  ir  fairly  food,  eoaaidariag  tbr  dUkaHtaa  rad 
uncertainties  iarolrrd  numerically  aad  nrpari mart  ally  ia  tbr 
probirm.  K  wo*  found  ia  tbr  Noriar  tohro  calculations  that 
a  tino-marcbiag  approach  ia  aot  adequate  far  tbia  problawi, 
aiaca  tbr  i  art  ability  grow*  rapidly  dariaf  rnmpetatinas  Tbr 
raaroa  ia  that  tbr  vortex  waba  at  a  hovering  rotor  ia  aatraoMiy 
uaatabla,  aa  ia  eoolnoad  by  rap  aria*  aot.  Tbr  aoorea  at  iaato- 
bility  ia  tba  iteratiao  approach  ia  ia  tba  tip  vortices;  Ibara  ia 
ao  ioat  ability  ia  tba  aboard  vortex  ahaata.  I  non  at  tba  mate- 
bilitiaa  ohaaraad  ia  tba  aaoiarital  aapariawot  without  apply- 
tag  tba  ralaaatioa  aebawM  to  tba  tip  vortiee*  rlaaaly  iseaaabl* 
tba  iaatabilitiaa  observed  ia  boaar  taata  |6)|t|.  Tbia  data  ra¬ 
ttan  Um  aaotebla  cboroatariatka  of  tba  vortex  waba  ay* tan, 
aot  Cron  tba  aanariral  acbaoM.  A  rolaaotioo  aabaow  ia  aaad 
to  diawaiab  tba  notability  doriog  iteratiaoa  Aootbar  prablan 
■acnaatmed  ia  artifcial  viaaaaity.  which  woa  aalaad  by  parted!* 
an  of  a  raooooaotrotiao  acbaoM. 
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Fifwo  •:  CMmr|ii|  prof  of  tW  circulation  oa  thr 
(or  UTKC’i  ho— fly  twioUd  two-bladed  rotor 


Fipn  11:  Cainr|ia|  proceaa  of  tbe  ahape  of  Ika  aortas  waka 
lor  UTRC’a  linearly  twiatad  two-bladed  rotor. 


7 


Figure  14:  Conaerginf  proc  ear  of  tha  circulation  on  the  blade 
for  ONERA'a  linearly  twiatad  four-bladed  rotor. 


man,  ffflmwr.  yit 


Figure  18:  The  compariaon  of  numerical  results  with  experi¬ 
mental  data  for  ONERA’s  linearly  twisted  four-bladed  rotor. 


